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ABSTRACT 
The mechanical vibratory energy has been extracted based on the car engine’s 
frequency and converted into an electrical energy by making use of a bimorph 
piezoelectric harvesting device; this process is called energy harvesting. The output of 
that energy used to power-up small electronics devices such as electronic transmitters 
and sensors which utilize low voltage and current (1-5 Volt / 10 - 20 mA). A 
cantilever of Lead-Zirconate-Titanate (PbZrO3TiO2) with dimensions of (40 × 10 × 
0.5 mm) has been analyzed and it’s produced an output power in the range of 
(100µW - 0.4mW) at resonance frequency of (≤ 0.2 KHz) under peak acceleration of 
(≤ 10 m/s2). This cantilever’s targeted vibration is dynamic (damped) vibration; 
therefore it has been subjected into continuous vibratory force. The Static Vibration is 
run at the first stages to check the working force and stamina of the cantilever by 
applying a pulse of movement and observe the response of the transient wave of the 
cantilever. The project aims to design and model a bimorph piezoelectric (PZT) 
cantilever device uses the effects of piezoelectric property to extract the mechanical 
vibration that is generated based on the car engine compartment’s specifications and 
convert it to electrical energy. Successfully, a bimorph piezoelectric harvester 
cantilever was designed under the optimal conditions identified in this report to 
extract the car engine vibration produced by dynamic vibration shaker using the 
typical frequencies and acceleration of the car engine and produced output power 
nearly 0.39 mW when converts this extracted vibration to electrical energy. 
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1.1    Project Background 
It is well recognized that many types of motions in our daily life involve different 
types of mechanical vibration, for example, the movement of cars, motion of 
machines in manufacturers, small ovens vibration, the outer covering box of air 
conditioners as well as our personal computers while a CD running on it. These 
vibrations provide different ranges of frequencies, for instance the car engine 
compartment generates around 200 Hz, and small microwave oven able to produce 
121 Hz and the windows next to a busy road induces up to 100 Hz [1]. 
The source of vibration that will be investigated in this project is the car engine 
vibration; it expected to generate a peak frequency of 100 to 200 Hz during normal 
driving. The reason that why we chose this source, because we keep using cars 
permanently and it has ability to produce high vibration motion, hence, with 
emergence of MEMS technology, this vibration can be harvested and converted into 
useful electrical energy and thereby this source of energy easily can be prevented 
from being wasted in vain.  
1.2    Energy Harvesting Device  
In order to convert parasitic mechanical vibrations that available from the 
environment, while keeping the compactness of the MEMS device; an energy 
harvesting device needs to have a low resonant frequency with high acceleration 
magnitude. Thus here the effects of proof mass, beam shape and damping will appear 
on the harvesting performance to provide output power [2].  
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1.2.1    Parameter optimization  
The energy conversion from mechanical to electrical via a PZT beam follows steps 
below [3, 4]:  
 Input vibration: applies acceleration to the beam structure. 
 Effective mass: converts input acceleration into force. 
 Beam shape: bends according to the force to result in strain along the PZT layer. 
Mechanical damping dissipates energy during oscillation.  
 Piezoelectric layer of the beam: converts mechanical strain into electrical charge, 
which results in electrical damping of the vibrating beam.  
 Electrodes: collects generated charge and electrical damping results.  
Thereby the key parameters which affect the magnitude and efficiency of the power 
are: amplitude and frequency of the input vibration, effective mass of the beam, 
stiffness and damping coefficient of the structure [5]. All these parameters will be 
highlighted in details in the upcoming chapters.  
1.2.2    Direct piezoelectric bimorph membrane cantilever.   
The terms “Piezoelectric” or “Piezoelectricity” have been stemmed from the Greek 
word ‘Piezo’ which means pressure or press and the word ‘electric’ referring to 
electricity [6]. So the concept is referring to harvesting energy that stored in the 
mechanical vibration and turning it to electrical energy. The special device that will 
undergo to extract this energy and convert it called Piezoelectric Cantilever.  
A cantilever basically is an extended beam, consists of one layer (Unimorph) or 
different multi-layers (Bimorph) of the suitable harvesting material. In this project we 
are going to use a Bimorph three layers cantilever; two layers of PZT (PZT1 & PZT2) 
interspersed by a metal of copper layer (Cu). 
The effects of piezoelectricity where the cantilever can be applied are divided into 
two types: 
i. Direct piezoelectric effect: it arises when the mechanical vibration applied to the 
piezoelectric cantilever, then it directly converts this vibration to electrical 
power, and the amount of this power is proportionally related to the intensity of 
vibration. This type of effect will be considered in this project. 
ii. Indirect piezoelectric effect: conversely of the first case, a mechanical movement 
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or vibration or sometimes deformation will be generated due to applied electric 
charge (current) to the piezoelectric material.  
1.3    Problem Statement   
A natural frequency value up to 200 Hz is generated on the car engine at time of 
running, and is being wasted in vain. And it’s noticeable that only short life span 
batteries with limited capacity are used to energize the small electronics devices. 
Thereby, within efficiency of 25 – 50%; a piezoelectric bimorph cantilever will be 
mounted on the edge of this engine to harvest this mechanical power and convert it to 
electric energy and can be increased according to cantilever harvesting material. 
1.3.1    Significant of the project   
The significant of this project stems from being a continuous self-generating source 
of electric energy by only absorbing the vibration as long as a machine is running 
without using any external energy source, having no any negative impacts, and its 
direct correlation to MEMS technology made the project more significant to be done.   
1.4    Objectives 
i. To model and simulate a bimorph (PZT1-Cu-PZT2) piezoelectric energy 
harvesting device.  
ii. To characterize the vibration produced under realistic vibration of car engine 
using the dynamic shaker and transfer it into electrical energy source to power up 
small electronics instruments.   
1.5    Feasibility of the Study 
Very advanced simulation software are required in order to conduct the modeling and 
analysis. CoventorWare software used to perform the simulation part. It’s available at 
UTP, Electrical & Electronics department in Block 23. In addition to DEWESoft 
software at UTP also in block 18 to be interfaced with the Dynamic Damped Shaker 
to perform the experimental part based on the car engine. The project’s objectives 
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planned to be achieved within the proposed time with availability of MEMS facilities 
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CHAPTER 2 
LITERATURE REVIEW 
2.1    PZT Cantilever  
Vibration-based energy harvesting has received a great attention in the past decade. 
Research motivation in this field is due to the reduced power requirement of small 
electronic components, such as the wireless sensors, and to power such small 
electronic devices using the vibration energy available in their ambient so the 
requirement of an external power source or periodic battery replacement can be 
removed or at least minimized [7]. One end (end A) of a cantilever is fixed to the 
vibration source and the vibration itself going to be reflected in the other end (end B), 
in other word, when a beam start to vibrate the deflection will vary as a sinusoidal 
wave with time, this motion need to be stabilized by attaching specific size of mass 
called the proof mass to (end. B), and then the ionization through the PZT material a 









Figure 1    PZT Cantilever Energy Harvester [8] 
The ionization process occurs when the piezoelectric crystals rearrange themselves 
because when the vibration happens, the distance between the negative and positive 
charges will be changed within the crystal; hence as a result, a net polarization 
End A End B 
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appears at the surface of the piezoelectric cantilever as an open circuit measurable 







Figure 2    The Ionization and Schematic Piezoelectric Charge Distributions (Open 
Circuit) [9] 
A study conducted by (Nechibvute et al., 2012) [1] aims to study vibration’s 
characteristics is certain vibration sources, and the result shown in Table 1. 
 









of peak                
(Hz) 
Car engine compartment  10-12 200 
Small microwave oven 2.5 121 
HVAC vents in office building 0.2-1.5 60 
Windows next to a busy road 0.7 100 
Notebook computer while CD is being read 0.6 75 
Second story floor of busy office 0.2 100 
Clothes dryer 3.5 121 
Washing machine 0.5 109 
Refrigerator 0.1 240 
 
Referring to (M. Marzencki, Y. Ammar, S. Basrour, 2008) [11], they argued that the 
main two properties that characterized lead zirconate titanate (PZT) to be one of the 
important materials in PZT fabrication are: Large piezoelectric coefficient and 
Dielectric constant with the ability to produce more power for a given acceleration. 
Table 2 summarizes the output power and resonant frequencies of the mostly used 
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Quartz  45 - 234 1.01 µW [6] 
Aluminum Nitride (AIN)  200 - 1200 65 µW [12] 
Lead Zirconate Titanate (PZT)  100 - 700 1 - 100 µW [13] 
Barium Titanate (BaTiO3)  100 - 800 4 µW [7] 
 
A study done by (M. Marzencki, Y. Ammar, S. Basrour, 2008) [11] revealed that 
majority of piezoelectric generators that have been fabricated use some variation of 
lead zironate titanate (PZT), and the another less common material is aluminum 
nitride (AIN), although it has a smaller piezoelectric coefficient and dielectric 
constant, but it’s compatible with the standard CMOS processes in fabrication of 
integrated circuits, because of these advantages, the project will focus on the use of 
PZT as the material of choice. Another discussion carried out by (J. Hyun, 2010) [14] 
illustrated certain considered prototype of MEMS energy harvesters, the comparison 
was based on the cantilever structure and attached proof mass and the results shown 
in Table 3. 
 





Conditions                   
(ms-2 / Hz) 





AlN / Si 4.9 / 204 0.038 10 [15] 
AlN / Si 39.2 / 1368 1.97 3569 [11] 
PZT / (Su-8) 106 / 13.9 K 1 37,037 [16] 
PZT / Ni 9.8 / 608 2.2 10,843 [17] 
PZT / Si 9.8 / 255.9 2.765 6513 [18] 
AlN / Si 19.6 / 572 60 ~5214 [19] 
PZT / Si 19.6 / 465 2.15 3,272 [20] 
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However, challenges will be faced during the characterization and practical work 
such as the possibility of electrical losses besides choosing the appropriate resistors to 
measure the output current by following the accurate milli-scaling in measurements. 
2.2    Applications of PZT Energy Harvester  
Based on the type of the external physical source has been applied (light, vibration, 
thermal or radio frequency) and the targeted PZT effect (direct or indirect); 
Piezoelectric Materials can fit into many micro sensors and actuators, such as inertia 
sensors, pressure sensors, tactile sensors, and flow sensors [21]. The role of PZT 
energy harvesters appears as the power source of these sensors, instead of using 
rechargeable batteries, especially when these sensors applied in harsh environment 
such as desert or forest to collect some data where the power source is unavailable.  
In the industry field, piezoelectric cantilevers based-vibration have been used widely 
to extract the vibration from big machines and convert it into electrical power. 
Direct Piezoelectric effect: accelerometers, igniters, generators, vibratory sensors, 
level measurements, flow measurements, medical diagnostics.  
Indirect Piezoelectric effect: piezo-motors, laser tuning, pneumatic valves, object 
recognition, high resolution material testing.  
2.2.1     Energy sources for WSNs  
The technology of Wireless Sensor Networks or (WSNs) have considered numerous 
studies in energy harvesting, in essence these devices have been designed to perform 
sensing, data collection besides monitoring certain operations [21-23]. This 
technology nowadays gained high much attention especially in industrial and 
automation fields. For instance, the electronic sensors and transmitters that used in oil 
and gas fields to monitor and collect the temperature, pressure, flow and level of the 
product. WSN consists of microcontroller unit works under low power, Micro-
Electro-Mechanical (MEMS) based-sensor and transceiver works with radio 
frequency. In order for these sensors to work properly, it traditionally powered by 
batteries [24], but these batteries have limited life span, and actually one of the main 
factors that bounded the performance and life span of WSNs is the limited capacity of 
batteries [25]. Figure 3 shows clear elements of WSN. 
   9 
 
Figure 3    Main Elements of a Wireless Sensor Network (WSN) [26] 
 
To overcome these drawbacks; energy harvesting is the best option to produce 
potential infinite source of energy to power wireless sensors and embedded 
electronics devices.  
2.2.2    Higher output power with array of PZT cantilevers  
The more piezoelectric cantilevers attached, the more amount of power can be 
generated, the reason that, more layers of cantilevers able to increase the bandwidth 
of a resonant frequency, highlighting on that, a research conducted by (Lu F, Lee H P, 
Lim S P, 2004) shows the amount of output power and the number of piezoelectric 
layers is proportional related to each other. The essence of the research described the 
vibration-to-electricity energy harvesting by attaching more than one cantilever at the 













   10 
2.3    Theoretical Approach   
2.3.1    Cantilever analysis  
To model and design the piezoelectric harvester, a bimorph 3-layers- (PZT1-Cu-
PZT2) cantilever has been analyzed, and the dimensional drawing of the harvesting 
devices as shown in figure 5.  
 
Figure 5    Dimensional Schematics of PZT design 
 
The maximum output power can be achieved when the resonant frequency of the 







Figure 6    Dynamic Damped Vibration Matched at the Maximum Power 
 
The construction material for both PZT1 and PZT2 layer is a Lead-Zirconate-Titanate 
(PbZrO3TiO2). The equation that governing the Resonance Frequency (fr) can be 
found by using equation (1) below: 








                                                      (1)                                                                         
   where k and meff are the spring constant and the effective mass of the beam 
respectively. The value of the spring or Stiffness constant (k) of the cantilever can be 
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                                                   (2) 
   where Eavg the average of cantilever layers’ young’s modules and l, w, t are the 
length, width and height of the design respectively.  The area of the proof mass (A) 
can be obtained using equation (3): 
                                                           mm xzA                                                        (3) 
   where zm and xm are the length and width of the proof mass model. However, 
because we are using a type of bimorph harvester cantilever, the young’s modules or 
modules of elasticity (Eavg) must be determined for all cantilever’s layers, by applying 
equation (4): 





















                 (4) 
2.3.2    Cantilever mass analysis (m) 
The harvester beam mass (m) before attaching the proof mass can be found by using 
equation (5): 
                                               tAwtlm                                             (5) 
   where  is the mass density of the cantilever, but for the 3-layers of the cantilever 
(PZT1, PZT2 & Cu); the mass is calculated by considering the average value of the 
mass densities avg  , thus we update equation (5) to be: 
                                                      wtlm avg                                                    (6) 
   where the value of avg can be calculated by equation (7): 




















                  (7) 
In order to achieve the resonant frequency in equation (1); we have to find the 
effective mass (meff) of the beam according to equation (8): 
                                                 mmmeff 24.0
140
33
                                              (8) 
2.3.3    Proof mass 
The design parameters of the proof mass as will be discussed in the next chapter; the 
proof mass that will be applied here is the rubber, the total mass can be calculated 
using equation (9): 
   12 
                                                 mmmpmpm yxzm                                             (9) 
   where pm is proof mass (Rubber) density which around 1.506 kg/m
3
, and ym is the 
height of the proof mass design. Rubber has been chosen as a proof mass because it 
characterized of its high density value. 
2.3.4    Cantilever frequency with a proof mass 
When we attach the proof mass to the cantilever, the height will increase, and as 
opposite relation between the height and frequency; the resonant frequency will 
decrease,  and then the total frequency (fr’) can be found form equation (10) below: 










'                                              (10)                        
2.3.5    Acceleration (g value) 
The acceleration of the examined vibration source which car vibration is going to be 
applied during the experimental, usually in MEMS technology the term “g value” is 
normally used to refer to acceleration, this value can be obtained by equation (11):  





g                                        (11)                                             
2.3.6    Expected output power 
In order to calculate the output power, we must attach an optimal load resistor (R) to 
the cantilever, the value of this resistor taken to be 10 Ω (subject to change), and then 
the expected output power (p) can be calculated using either equation (12) or directly  
by using equation (13) which stemmed from Ohm’s law: 














                                   (12)                                     





)(                                       (13) 
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CHAPTER 3 
METHODOLOGY 
3.1    Project Work Flow  
With mode of vibrations 1 Hz to 4 kHz, the simulation of a direct piezoelectric device 
has been reported in this project to be modeled using Bimorph PZT-layers separated 
with a layer of copper, the best frequency range will be taken during experiments. 












































Design Parameters (w, l, 
t), effective mass (meff) 




), output voltage 
(mV) and power (µW) 
 
CoventorWare used to 
do the simulating, and 






Under Car engine’s 
frequency (100 - 200 
Hz) in targeting of 
output power (100 µW - 
0.4 mW) 
 
A Bimorph (3-layers 
PZT1-Cu-PZT2) will 
be experimented 
using dynamic shaker. 
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3.2    Project Activities  
The main activity of this project is to build a good design and simulation model of 
piezoelectric energy harvester cantilever in order to generate high electrical power 
from the mechanical vibratory energy under specific range of resonant frequency to 
power the small electronic devices such as the Real Time Clock (RTC) in the 
Wireless Sensors Networks (WSNs) to continually power this device as self-
generating power instead of using short life span batteries with limited capacity. 
3.2.1    Mathematical modelling and calculations  
Following the project flow, we started first by the computations part, and all the 
calculations have been performed by using the aforementioned equations that 
discussed in the literature review part with aid of Microsoft Tools.  
3-D dimensional structure of the examined cantilever that has been analyzed is 
illustrated in figure 8, and then figure 9 shows how the cantilever attached to the 
















Figure 9    Bimorph PZT Cantilever in Three layers (PZT1-Cu-PZT2) 
 
PZT Layers                                           
Proof Mass                                           
Copper 
“Cu”                                           
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In order to achieve the maximum output power at the desired frequency, we need to 
be aware about the design variables of the cantilever in table 4 as well as the design 
variables of the proof mass in table 5. 
 
Table 4    Cantilever Design Variables 
 
Cantilever 
Design Parameter Symbol Design value 
Length of the Cantilever l  mm40  
Thickness of total cantilever layers 
(PZT1-Cu-PZT2) 
t  mm5.0  
Width of the cantilever w  mm10  
Thickness of the substrate (Copper) cut  mm5.0  
 
Table 5    Proof Mass Design Variables 
 
Proof Mass 
Design Parameter Symbol Design value 
Length of the proof mass mz  mm10  
Width of the proof mass mx  mm5  
Thickness of the proof mass my  mm3  
 
Based on table 4 and table 5 above, these design criteria are subjected to change until 
we achieve the maximum and efficient output power. The best method that will be 
followed to achieve the maximum power is by modeling the proof mass dimensions.  
Upon applying the cantilever to car frequency, the expected resonant frequency up to 
( 200 Hz) before attaching any proof mass, however this frequency expected to drop 
down nearly 4.126 Hz when attaching proof mass, as in table 6. 
 
Table 6    Expected Resonance Frequency 
 
Targeted cantilever’s resonance frequency without proof mass 2000  rf Hz 
Targeted Cantilever’s resonance frequency including proof 
mass 
150120 '  rf Hz 
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Aforementioned, the cantilever consists of 3 layers, the top layer PZT1 and the bottom 
layer PZT2, separated by the middle layer which is Copper. Table 7 summarizes the 
materials properties that have been used to get the finite element analysis. 
 
Table 7    Materials’ Properties of Harvester Cantilever 
 
Material  Elastic Modules (E) Mass Density () 
Piezoelectric Layers (PZT1 & 
PZT2) 
10102.7  N/m2 8.7 kg/m
3 
Separated Metal (Copper_Cu) 10107.11  N/m2 9.8 kg/m
3 
Proof mass (Rubber) 101001.0  N/m2 506.1 kg/m
3 
3.2.2    Simulation design  
Then after performing the mathematical modeling, the Simulation Design will be 
performed using CoventorWare software, the software shows and analyses the design 











Figure 10    CoventorWare Starting Window-UTP Block 23 
 





Figure 11    The Three Basic Modules of CoventorWare 
 
Architect Designer  Analyzer  
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During this project we’ll consider the designer and analyzer modules only which meet 
our requirements. Then after that we’ll perform the so-called Bulk Micromachining 
process, it used to etch deep cavities in substrate with relatively high aspect ratio. 
There are two types of etching process: 
i. Front Side: to etch the substrate or base of the cantilever from the Front side, 
starting at the top (just after the cantilever) going down, but it will not include the 
whole substrate.  
ii. Back Side: this etches the device from bottom to top. Back etching is the best 
etching for the cantilever to be very freely, so it can fluctuate very easily and 
smoothly, therefore back side etching will be considered in this analysis.  
3.2.3    Experimental device analysis  
The last step is the Experimental Analysis, where the designed model in its real 
dimensions with detailed layers as shown in figure 12 and figure 13, will be tested to 
observe the maximum output power that it can produce, and then we’ll compare these 
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Figure 13    Actual Length and Width of the PZT Cantilever 
3.3    Tools and Equipments  
Different electrical and devices will be used in executing required laboratory tests to 
examine the practical and compare it with the mathematical modeling proposal. Table 
8 illustrates the group of devices that will be used to test the cantilever model. 
Table 8    Hardware and Devices “Pictures are taken at the Vibration Lab Block 18-
UTP” 
 
Amplifier  To increase the applied voltage to 
test the cantilever vibration’s 




Shaker (IMV)  To generate damped vibration 









To monitor the change in 




Resistor Load Attaching a resistor of 10 Ω 
makes the current and the power 
measurable.   
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Then when we synchronize all the devices in table 8 together, the complete 
experimental system will be in figure 14.  
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CHAPTER 4 
RESULTS AND DISCUSSION 
4.1    Mathematical Modelling    
Based on the actual dimensions of the designed cantilever, equation (7) has been used 
to find the average mass density of the three cantilever layers and is calculated to be 
02.8  kg/m3. And then this value used to calculate the mass of the cantilever using 
equation (6) and it’s found to be 6106.1443  g. 
 
 
Figure 15    The Real Dimensions of the Designed Cantilever 
 
The effective cantilever mass is also should considered in mind, thus it can be 
calculated based on equation (8), and its equal 61028.340  g. 
On the other hand, by considering the proof mass design -Rubber-, its total mass 
calculated using equation (9) and found to be 31089.2  g.  
Then when we attached this proof mass to the cantilever to synchronize the 
fluctuation of the cantilever, the frequency will be reduced due to effective weight at 
end point of the cantilever. Table 9 summarizes all the calculated mathematical 
results of the cantilever and the proof mass. 
 
   21 
Table 9    Calculated Results of the Cantilever and Proof Mass 
 
Parameter Symbol Result 
Average Mass Density avg  02.8 kg/m
3 
Mass of the cantilever m  6106.1443  g 
Effective cantilever mass effm  
61028.340  g 
Proof mass pmm  
31089.2  g 
 
The theoretical frequency that can be harvested from the car engine as a vibration 
source is roughly (≤ 200 Hz), whereas the calculated cantilever’s resonant frequency 
without a proof mass according to equation (1) is found to be 96.200 Hz, and then we 
attached the proof, the resonant frequency in this case is calculated based on equation 
(10), and it’s equal 8.155 Hz, as illustrated in table 10. So this point concludes that the 
dimensions of this cantilever and proof mass are convenient to produce the targeted 
amount of power.        
  
Table 10    Calculated Frequency of a Cantilever with and without Proof Mass 
 
Parameter Symbol Result 
Resonant Frequency of Cantilever  rf  200.96 Hz
 
Resonant Frequency of Cantilever and Proof Mass 'rf  155.8 Hz 
4.2    Simulation Design     
The simulation as aforementioned involves basically three main modules, which are 
architect, designer and analyzer. In this project our concentration will be on the 
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4.2.1    Designer module  
 
Figure 16    Basic Cantilever Specification in Designer Module 
 
According to figure 16, it shows cantilever material beside the basic constant values 
such as the young modules and the mass density, which have already discussed in the 
methodology. Then by considering our cantilever design and its layers compositions, 
figure 17 illustrates the main structural layers of the harvester. This is a very 
important step before we sketch the 2-Dimensional schematic, because all the 
upcoming steps including the analyzer module will be based on these design 
specification.  
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By referring to figure 17, we can see that the table sheet consists of many columns, 
such as the Action, Layer Name: which includes cantilever layers (PZT1, Copper, 
PZT2), Material Name and Thickness in micrometer scale. The column that involves 
the Etch Depth illustrate how deep the etching through the substrate, which is 10000 
µm.  Then, we have drew our device using same CoventorWare in 2-D as a prelude 

















Figure 18    2-Dimensions Sketching for Cantilever, Substrate and Membrane 
 
After we have designed the 2-D schematic of the design, next we must perform two 
important operations before we go to analyzer module: 
 
i. Bulk Micromachining; 
The main purpose of this deep Etching is to cut and remove out all the unnecessary 
parts of the examined device and highlight the cantilever layers to be only hanged in 
the substrate as shown in figure 19. Regarding to the magnified part in figure 19, it 
reveals how the thickness of the copper (in green color-100 mm) is much thinner 
comparing to the PZT’s thicknesses (in red color-200 mm). 
 














Figure 19    Simulation of the Cantilever Fixed on Etched Substrate and 3-D 
Magnified View of its Layers 
 
 
ii. Meshing Process; 
This process is an essential stage before applying any pressure or vibration to the 
sample. An appropriate mesh greatly contributes to optimizing the accuracy and 
precision of calculation of the system [29]. In this case of our configuration, the 
physical model mesh was created using a Manhattan Bricks meshing with linear 
elements sized forty (40) microns in the X, Y, Z dimensions. Figure 20 shows how 












Cantilever beam  
Copper “Cu” layer 
PZT1, PZT2 
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Figure 20    3-D View of Meshed Cantilever Magnified in Manhattan Bricks with 
Element Size of 40 µm 
 
Normally in CoventorWare, meshing process comes with five types of mesh 
generators, each one has its own unique algorithm, which are: Mapped Bricks, 
Manhattan Bricks, Extruded Bricks, Surface Triangle and Tetrahedrons. The type that 
has been applied in this project is Manhattan Bricks as it’s magnified in figure 20. 
4.2.2    Analyzer module  
In this module, we must verify the structure of the physical model of a designed solid 
model, to perform that we have applied pressure as vibration source to examine the 
cantilever’s frequency. By applying a value of acceleration, the resonant frequency 
has been determined to be about 186.801 Hz as shown in figure 21, and that verify the 






















Figure 21    Analyzed Cantilever Beam at applied Dynamic Pressure Force 
 
After the force pressure has been applied and based on the result in figure 21, the 
frequency and the generated acceleration relationship is obtained from 















Figure 22    Frequency and Generalized Acceleration at applied Pressure Force 
µm                                                                               186.801 
Hz 
Modal Displacement Mag.:  0.0E+00          2.5E-01          5.0E-01             7.5E-01        01E+00    
µm                                                                                  186.801 Hz 
Frequency ≈ 186 Hz 
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4.3    Experimental Analysis      
As has been discussed in the methodology, the experiments will be applied to the 
designed cantilever using different set of devices, the cantilever will be mounted 
based on figure 14. The initial test is to check the response of the cantilever before we 
start the frequency and acceleration analysis, we have applied a single pulse on the 













Figure 23    The Transient Wave of the Cantilever’s due to Single Pulse 
The wave above contains noises while fluctuation, by applying FIR (Finite Impulse 












Figure 24    The Transient Wave of the Cantilever Filtered by FIR Filter  
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According to Figure 23; the maximum amplitude Voltage was measured using the 
cursor and found to be 0.3732 V; to be sure that we applied the right type of the filter; 
we have checked again the maximum amplitude voltage of the filtered wave form, 
and cursor shows around 0.3651 V which is almost same amplitude as the original 
cantilever wave, so the filter didn’t affect the wave form. 
4.3.1     Cantilever beam under frequency range 100-200 Hz 
We have used the dynamic shaker to generate damped vibration same as car engine 
vibration in range of frequency 100 – 200 Hz and acceleration up to 10 m/s2 starting 
from 6 m/s
2
, when the shaker start running, the fluctuation will start, and as long as 
we apply high accelerations values, the output voltage is expected to increase, to 
illustrate this relationship between acceleration and output voltage; we run the shaker 
by considering the cases below: 
i. Acceleration 6a m/s2 
By applying frequency range 100 to 200 Hz, we accelerate the shaker by 6 m/s
2
, and 
the fluctuation wave form is shown in figure 25.  
 
Figure 25    Maximum Output Voltage at Acceleration 6a m/s2  
According to Figure 25, when the applied shaker’s frequency matches the resonant 
frequency of the cantilever, the highest output voltage can be achieved, and as long, 
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and as we keep increasing the acceleration, higher voltage can be generated. From the 
graph, the value of output voltage around 0.0281 V at frequency 166.01 Hz, so if we 
consider a value of 10 Ω external resistor and according to equation (13), the output 
current and the produced power will be 2.81 mA and 78.961 µW respectively. 
 
ii. Acceleration 7a m/s2 
In this case, we are expecting higher voltage at high frequency to be generated, 
because of the proportional relationship between the acceleration and the voltage, 
thus the output voltage pulse is shown in figure 26. 
 
Figure 26    Maximum Output Voltage at Acceleration 7a m/s2  
Comparing to the case before, the highest voltage is achieved here and around 0.0461 
V, with frequency up to 166.02 Hz, which is very near to the one we got in the 
modeling part, so again if we attach a 10 Ω resistor to measure the current, we’ll get a 
value of 4.61 mA, therefore the induced power around 0.213 mW which is bigger 
compare to case (i).  
iii. Acceleration 10a m/s2 
The natural acceleration for a car engine compartment normally up to 10 m/s
2
, so if 
we apply in this case acceleration of 10 m/s
2
, for sure higher power can be 
introduced, to confirm that, figure 27 proofs the output voltage pulse. 
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Figure 27    Maximum Output Voltage at Acceleration 10a m/s2  
Now by referring to figure 26 and figure 27; we are now able to say that the resonant 
frequency of this cantilever is 166.02 Hz, because even though we increased the 
acceleration from 7 m/s
2
 to 10 m/s
2
, we get higher voltage but the frequency of the 
cantilever didn’t change and this also proof the result that we got on the modeling 
part. The output voltage in this case equal 0.0628 Volt, and with 10 Ω, the AC 
induced current around 6.28 mA and output power up to 0.39 mW. Table 11 
summarizes the experimental results that we achieved for the three examined cases. 
 




















0.0281 2.81 0.0789 166.01 
7 0.0461 4.61 0.213 166.02 
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4.4    Results Comparison     
As a conclusion for this chapter, a comparison between the modeling, simulation and 
characterization is summarized in table 12 to illustrate the small variation that we 
achieved in these scenarios.  
 
Table 12    Comprehensive Comparison between Mathematical Modeling, Simulation 










Mass of the 





mass       
(µg) 
Proof mass   


























           
(%) 























10 0.0628 6.28 0.39 166.02 11.1 
 
Even though this small variation was expected, but the reason why it’s introduced; 
because each analysis should be performed perfectly and without considering any 
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CHAPTER 5 
CONCLUSION AND RECOMMENDATIONS 
5.1    Conclusion 
A Bimorph PZT Cantilever has been modeled based on dual PZT-5H layers 
separated by a layer of Copper. The resonant frequency of this cantilever has been 
calculated in the modeling part and found to be 200.96 Hz. Thus, with very accurate 
and advanced simulation Software (CoventorWare); the simulation is performed to 
design the targeted device using, by applying only the Designer and Analyzer 
Modules, and performing a Bulk Micromachining process, the results in more details 
were shown in the previous chapter. Then the designed cantilever harvester had 
applied to typical car engine compartment specifications using vibration shaker under 
frequency up to 200 Hz, and acceleration in range of 6 to 10 m/s
2
 which equal 0.61 g 
to 1.02 g value. Finally, the output power also has been calculated by attaching an 
optimal resistor of 10 Ω to the cantilever while it was running under acceleration 1.02 
g, and according to the maximum output voltage achieved 0.0628 Volt the power is 
0.39 mW. 
The project investigates the capability of harvesting the energy from the mechanical 
vibration and converting it into useful electrical energy. This energy harvesting based 
on modeling and characterizing bimorph energy harvester cantilever of lead zirconate 
titanate (PbZrO3TiO2) specified as (40 mm×10 mm×0.5 mm) with expected output 
power to be generated (100 µW - 0.4 mW) at resonance frequency of (≤ 200 Hz) for 
peak acceleration of (6 - 10 m/s
2
). The targeted vibration is damped vibration which 
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5.2    Recommendations      
Upon achieving the main objective of this project with aforementioned specifications, 
the recommended and suggested improvement for future work to build cantilevers by 
targeting lower resonant frequency with suitable proof mass to be added to take 
advantage of all surrounding vibrations, furthermore the challenge will exist in 
improving the scale down to Micro scale based on MEMS properties and performing 
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APPENDIX G 
THE DESIGNED HARVESTING CANTILEVER PLACED ON 
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APPENDIX H 
COMPLETE EXPERIMENTAL ANALYSIS – UTP BLOCK 18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
